To address several interconnected goals, we used mitochondrial DNA (mtDNA) sequences to explore evolutionary relationships among four potentially hybridizing taxa in a North American avian superspecies ( Dendroica occidentalis , D. townsendi , D. virens , and D. nigrescens ). We first compared the results of a previous restriction fragment length polymorphism (RFLP)-based study with 1453 nucleotides from the mitochondrial cytochrome oxidase subunit I (COI), ATP-synthase 6 (ATPase 6), and ATP-synthase 8 (ATPase 8) genes. Separate phylogenetic analyses of the RFLP and sequence data provided identical and well-supported hierarchical species-level reconstructions that grouped occidentalis and townsendi as sister taxa. We then explored several general features of mitochondrial evolution via a comparison of the RFLP and sequence data sets. Qualitative rate differences that seemed evident in highly autocorrelated comparisons of RFLP vs. sequence pairwise distances were not supported when autocorrelation was removed. We also noted a high variance in corresponding RFLP and sequence distances after the removal of autocorrelation effects. This variance suggests that caution should be used when combining RFLP and sequence-based data in studies that require the large-scale synthesis of divergence estimates drawn from sources employing different molecular techniques. Finally, we used our parallel RFLP and sequence data to design and validate a rapid and inexpensive polymerase chain reaction-RFLP (PCR-RFLP) protocol for determining species-specific mitochondrial haplotypes. This PCR-RFLP technique will be applied in ongoing studies of the occidentalis/ townsendi hybrid zone, where the historic and geographical complexity of the interbreeding populations necessitates the genotyping of thousands of individual warblers.
Introduction
The 'black-throated' Dendroica superspecies complex ( D. occidentalis , D. townsendi , D. virens , D. nigrescens , and D. chrysoparia ; Mayr & Short 1970 ; American Ornithologists' Union 1998) has been featured repeatedly in studies of avian speciation. These taxa were central to Mengel's (1964) vicariance-based model of speciation in North American birds, in which speciation events were linked to successive waves of Pleistocene glaciation. More recently, this superspecies complex has become a focus of attention for studies of hybridization. Two species, townsendi and occidentalis , meet and hybridize extensively in three geographically separated zones in the Pacific Northwest (Rohwer & Wood 1998) . These hybrid zones are being investigated intensively with respect to their history (S. Rower, C. Wood, E. Bermingham, unpublished) and the selective forces operating within them (Rohwer & Wood 1998; Pearson 1999; Pearson & Rohwer 1999) . Additionally, several rare cases of interbreeding have been inferred for three other species pairs in this complex: townsendi × nigrescens (Rohwer 1994) , townsendi × virens (Rohwer 1994) , and occidentalis × nigrescens (S. Rower, C. Wood, E. Bermingham, unpublished) .
Several years ago we rejected Mengel's Pleistocene model of speciation using a mitochondrial DNA (mtDNA) restriction fragment length polymorphism (RFLP)-based phylogenetic reconstruction of this species group (Bermingham et al . 1992) . Our RFLP study also identified autapomorphic mtDNA characters that could be used to determine the maternal parent of putative hybrid individuals. In this study we revisited the mitochondrial genetics of this superspecies with two objectives. One methodologically orientated goal was to describe and validate a polymerase chain reaction (PCR)-based RFLP (PCR-RFLP) assay that characterizes the maternal ancestry of hybrids of the three Pacific Northwest species of this complex ( townsendi , occidentalis , and nigrescens ). A second more general goal was to explore features of mitochondrial evolution by comparing RFLP, sequence, and PCR-RFLP data sets.
Owing to the geographical and historical complexity of the occidentalis × townsendi hybrid zones (see Rohwer & Wood (1998) ), an informative survey of hybridization requires an experimental design that includes extensive numerical sampling. To date, Rohwer and colleagues have collected more than 1200 tissues and associated voucher specimens for this purpose, encouraging us to develop a fast, nonradioactive method to determine mtDNA ancestry. As described here, we have designed a complementary sequencing and PCR-RFLP approach that permits the rapid and inexpensive genotyping of large numbers of individuals. This PCR-RFLP method replaces more time-consuming whole-mitochondria RFLP methods that required Southern blotting and/or end-labelling ultrapure mtDNA products (Bermingham et al . 1996) .
The development of this taxon-specific PCR-RFLP assay involved feedback between the previously published mtDNA RFLP data (Bermingham et al . 1992) and new mtDNA sequence (Lovette & Bermingham 1999 ) and PCR-RFLP data sets. Comparisons among these complementary sources of genetic information allowed us to explore several more general features of mitochondrial evolution of relevance to phylogenetic studies of closely related taxa. These features included the amount of mitochondrial variation detected by RFLP vs. DNA sequencing, the relative utility of these types of data for phylogenetic reconstructions, the comparability of phylogenetic reconstructions and genetic distances derived from different mitochondrial genes, and the scaling of RFLP vs. sequence-based estimates of mitochondrial differentiation.
Materials and methods
To explore mtDNA sequence variation in this warbler superspecies, we first generated mtDNA sequences to parallel the RFLP-based study of Bermingham et al . (1992) . The 30 individual warblers directly examined by Bermingham et al . (1992) The methods used to generate mtDNA RFLP site profiles have been described previously (Bermingham et al . 1992) . In brief, purified mtDNA was isolated from pectoral muscle tissue and purified in a CsCl density gradient. Aliquots of the mtDNA suspension were digested with 14 restriction enzymes (see Appendix). The resulting fragments were radioactively end-labelled, fractionated by gel electrophoresis, and visualized by autoradiography. All differences among site profiles could be explained by single-site gains or losses.
Two regions of the mitochondrial genome from the 30 representative warbler individuals were sequenced. A 681-bp portion of the cytochrome oxidase I (COI) gene was amplified via a PCR with the 'universal' primer pair COIa-3 ′ and COIf-5 ′ (Kessing et al . 1989) . Primer pair CO2GQL and CO3HMH (primer sequences available from E. Bermingham) was used to amplify a 1074-bp region containing the full coding sequence of the ATP-synthase 8 (ATPase 8) and ATP-synthase 6 (ATPase 6) genes. PCRs for both regions were seeded with 1 µ L of the purified mtDNA solution prepared for the RFLP survey, and all were conducted for 25 cycles at an annealing temperature of 54 ° C.
The amplification products were cleaned electrophoretically on low-melting point agarose gels and purified using the Geneclean © procedure. Dyedeoxyterminator cycle sequencing reactions were then conducted following the manufacturer's protocols (Applied Biosystems Division of Perkin-Elmer). The COI region was sequenced using the amplification primers, and the ATPase genes were sequenced with the primers CO2GQL, A6PWL, and A6TPL (primer sequences available from E. Bermingham). The samples were then electrophoresed in Applied Biosystems model 373A or model 377 automated DNA sequencers.
RFLP and sequence analyses
The RFLP presence-absence matrix was imported into David L. Swofford's paup * 4.0d64 program, which was used to calculate Nei-Li distances (Nei & Li 1979 ) between all pairs of unique haplotypes. paup * was then used to conduct neighbour-joining (NJ) and maximum-parsimony (MP) reconstructions of the evolutionary relationships between RFLP haplotypes. The NJ analyses employed the matrix of Nei-Li distances, on which 1000 bootstrap replicates were performed. The MP analyses were conducted on the restriction site presence-absence matrix using the heuristic search option, and a strict consensus of all most-parsimonious trees was generated; 1000 bootstrap replications were conducted. In all phylogenetic analyses, trees were rooted to outgroup taxa D. magnolia, D. pensylvanica , and D. coronata auduboni .
Analyses of COI variation were conducted on the 611 nucleotides of the COI sequence obtained by sequencing with the amplification primers, and analyses of the ATPase region were conducted on the 842 nucleotide coding region of the overlapping ATPase 6 and ATPase 8 genes. In all cases where we were not explicitly examining the relative evolutionary behaviour of specific genes, we used the combined COI and ATPase sequences from each individual to generate phylogenetic reconstructions. All sequence variants have been deposited in GenBank (Accession nos AF140366-AF140425 inclusive).
Kimura 2-parameter (K2; Kimura 1980) distance matrices were calculated using paup * 4.0d64. NJ analyses were conducted using K2 distances, and MP analyses were conducted as described above with all substitutions weighted equally, and with the empirically derived transition:transversion ratios for each sequence data set (4.8:1 for COI, 8.3:1 for the ATPase genes, and 6.6:1 for the combined COI/ATPase sequences).
PCR-RFLP analyses
One goal of our sequencing project was to identify diagnostic autapomorphic sites that could be used to genetically 'type' the mitochondrial ancestry of putative occidentalis × townsendi hybrids by the digestion of PCR products with restriction endonucleases. We thus examined all nucleotide sites that varied between these two species, searching for sites that fell within the recognition sequence of a commercially available restriction endonuclease. All apparent autapomorphic differences were then mapped on to the sequence-based phylogenetic reconstruction to confirm their reliability for determining mitochondrial ancestry, as described in more detail below. PCR-RFLP assays were conducted by digesting the PCR products with an excess of each restriction enzyme. The resulting fragments were electrophoresed into 2% agarose gels, stained with ethidium bromide, and visualized under ultraviolet (UV) light.
Results and Discussion

mtDNA RFLP and sequence variation
Our results and discussion are based on the 30 individuals in the Dendroica virens superspecies complex and the D. pensylvanica , D. magnolia , and D. coronata auduboni outgroup specimens used in the Bermingham et al . (1992) study.
RFLP variation.
Although phylogenetic reconstructions based on the RFLP data have been summarized previously (Bermingham et al . 1992) , we describe the underlying RFLP variation here in greater detail to facilitate comparisons with the sequence-based results reported below. The Appendix gives the matrix of restriction sites revealed by digestion of purified mtDNA with 14 restriction endonucleases. A total of 93 restriction sites was detected, of which 28 were invariable among all warblers surveyed and 44 were parsimony informative. The 93 restriction sites represent the equivalent of 558 nucleotide positions, or 3.2% of the ≈ 17 kb avian mitochondrial genome. On average, 49 sites (representing 1.7% of the mitochondrial genome) were cleaved in each individual. The 65 variable restriction sites were distributed among 16 species-specific restriction site haplotypes. Haplotypes differing by one to eight sites were found within all species where more than one individual was sampled. Three apparently autapomorphic site differences separated the occidentalis and townsendi RFLP haplotypes, and 10 site differences separated all nigrescens haplotypes from all occidentalis / townsendi haplotypes.
COI sequence variation.
We obtained 613 nucleotides of COI sequence representing 3.6% of the mtDNA molecule, and corresponding to positions 7342-7954 in the chicken mitochondrial genome (Desjardins & Morais 1990) . No insertions or deletions (indels) were observed among any COI haplotypes and hence sequence alignments were in all cases unambiguous. COI base frequencies were highly biased, especially at the third-codon position, as has been found in other birds (e.g. Desjardins & Morais 1990; Seutin & Bermingham 1997) , including other Dendroica warblers (Lovette et al . 1998) .
We identified 15 unique COI haplotypes among the 30 individuals surveyed. A total of 77 nucleotide sites varied among these 15 haplotypes and 43 of these sites were parsimony informative. All variable sites involved synonymous substitutions at first-or third-codon positions. Although we identified several different COI haplotypes within each ingroup species, we found relatively little intraspecific COI divergence within virens , occidentalis , or townsendi . In these three taxa, all conspecific COI haplotypes were separated by only one or two nucleotide substitutions. Similarly low levels of COI variation were found within two geographical populations of nigrescens , but the six nigrescens from the Pacific Northwest differed from the five Arizona individuals by five to seven nucleotide substitutions.
ATPase variation. We obtained the entire 842 nucleotide coding sequence of the ATPase 6 and ATPase 8 genes (5.0% of the mtDNA genome) corresponding to positions 9085 -9923 in the chicken sequence (Desjardins & Morais 1990) . The coding sequences of these ATPase genes overlap by 10 bp, and we treat them here as a single gene region. No indels were observed between any warbler ATPase haplotypes, but the warblers had a one-codon insertion in the ATPase 8 gene near the end of the homologous chicken sequence. Proportional ATPase base composition was similar to that seen in the COI region except that we found greater bias towards cytosine in the ATPase genes, especially at first-and second-codon positions.
We observed 21 ATPase haplotypes among the 30 individuals sequenced. Several sets of conspecific individuals shared identical ATPase haplotypes, including five townsendi , two pairs of occidentalis , and four Pacific Northwest nigrescens . Of the 128 nucleotide sites that varied among the 21 unique ATPase haplotypes, 67 were parsimony informative. Nine nucleotide site differences caused amino acid substitutions, all of which involved amino acids with similar physicochemical properties (e.g. Grantham 1974 ) such as leucine-isoleucine or asparagineserine. As in the COI region, variation among conspecific ATPase haplotypes was modest in virens , occidentalis , and townsendi (one to three nucleotide site differences), but greater in nigrescens , where the Pacific Northwest individuals differed from the Arizona individuals by seven to 10 substitutions.
PCR-RFLP assay design and application
To identify PCR-RFLP sites that could be used to distinguish the mtDNA ancestry of potential hybrids, we first searched the COI and ATPase sequences for nucleotide sites that were conserved within occidentalis or townsendi but that differed between these taxa. We identified six diagnostic COI nucleotide sites and four diagnostic ATPase sites. None of the ATPase sites fell within a commercially available restriction enzyme recognition sequence and we therefore developed PCR-RFLP assays only for the COI region.
Two of the six diagnostic COI sites fell within the recognition sequences of commercially available restriction endonucleases (the numbers correspond to nucleotide sites in the chicken mitochondrial genome sequence of Desjardin & Morais (1990) ): nucleotide site 7406 was cut by the enzyme Xmn I in occidentalis ; site 7550 was cut by Msp I in all occidentalis ; and site 7550 was cut by Alu I in townsendi . These enzymes also produced diagnostic fragment patterns for the two geographical populations of nigrescens . Digestion of COI PCR products from the 30 individuals of known COI sequence with these three endonucleases produced fragment patterns identical to those predicted from the sequence data.
We used a parsimony-based approach, as implemented in the program macclade (Maddison & Maddison 1993) , to map gains and losses of PCR-RFLP sites on to the COI sequence tree (Fig. 1) . The resulting pattern of sites confirmed the presence of species-specific diagnostic PCR-RFLP markers between the sympatric or parapatric western species occidentalis , townsendi , and nigrescens . A minimum of three PCR-RFLP sites separated all occidentalis from all townsendi , whereas two to seven PCR-RFLP sites separated occidentalis and townsendi from nigrescens .
To test the application of this PCR-RFLP approach, we applied it to populations of townsendi and occidentalis which are likely to have retained the ancestral speciesspecific mitochondrial lineage, and to a mixed-ancestry sample of individuals from within the current area of sympatry (Rohwer & Wood 1998) . Ancestral townsendi were represented by 39 individuals from eastern British Columbia, north central Alaska, and eastern Oregon. Ancestral occidentalis were represented by 19 individuals from southern Oregon and northwestern California. Two populations from the phenotypic centres of the current hybrid zones were sampled, including 15 individuals from Skamania County, Washington, and 18 individuals from Klickitat County, Washington. The fragment profiles of these individuals confirmed the utility of the PCR-RFLP technique (Table 1 ). All putatively 'pure' townsendi had identical PCR-RFLP profiles that matched the profiles of the sequenced individuals. Two species-specific profiles differing by a single Alu I site were evident within the 'pure' occidentalis . Finally, the two representative hybrid populations each contained individuals with the unique townsendi profile and the two occidentalis profiles (Table 1) .
The presence of only the species-specific haplotypes in the 'pure' townsendi and occidentalis populations and the co-occurrence of those haplotypes in the hybrid populations confirm the utility of these PCR-RFLP markers. Plumage states are highly variable within these hybrid zone localities (Pearson & Rohwer 1998) , presumably owing to the combination of dispersal by parentals and parental-like backcrosses into the zone and to the many generations of hybrids found in the zone. The application of this PCR-RFLP methodology to a much larger set of existing samples will allow us to reconstruct the historical and geographical pattern of hybridization among these species and to investigate the ancestry of hybrid individuals with different plumage phenotypes.
Phylogenetic resolution and reconstructions
One purpose of our sequence-based survey was to determine whether it would permit us to distinguish differences between conspecific individuals with identical RFLP haplotypes. As the RFLP technique surveyed approximately 492 bp per individual and our nucleotide sequences totalled 1455 bp per individual, the sequencing approach trebled the proportion of the mitochondrial genome surveyed by RFLP alone. This increase in the number of potentially variable characters resulted in an improved resolution of haplotype variation: the RFLP study identified a total of 16 different haplotypes in the 30 individuals examined, whereas 23 different haplotypes were present in the combined COI/ATPase data set. Haplotypes that were distinguished by direct sequence analysis but not by RFLP analysis differed by one or two nucleotides. The sequence-based approach thus characterized greater variation within species by improving the discrimination of very similar haplotypes.
Permutation tests conducted in paup * indicated that the RFLP, COI, ATPase, and COI/ATPase combined matrices all had significant hierarchical structure (0.002 > P for all data sets), indicating that each contained phylogenetic information (Swofford et al . 1996) . MP and NJ reconstructions based on the RFLP data, the COI sequences, the ATPase sequences, and the combined COI/ATPase sequences identified an identical interspecific tree topology (Fig. 2) ; differences among these reconstructions involved only the branching order of very similar conspecific haplotypes.
In comparisons of phylogenetic information content and tree reconstruction across data types, the sequence data provided somewhat enhanced tree statistics. For example, consistency and retention indices were greatest in MP reconstructions based on the combined COI/ ATPase data and lowest in reconstructions based on the RFLP matrix (Table 2) . Bootstrap proportions also increased with the number of variable sites included in the analysis, and the branches in the combined COI/ ATPase reconstruction consistently had the highest level of support (Fig. 2) . None the less, bootstrap proportions at all species-level internodes were generally high even in the RFLP-based reconstructions that had the fewest variable characters (Fig. 2) . All four data sets (RFLP, COI, ATPase, and COI/ATPase) therefore permitted robust and congruent reconstructions of the hierarchical specieslevel mtDNA gene tree among these closely related taxa.
Historical biogeography
The new data presented here are fully consistent with Bermingham et al . ′ s (1992) RFLP-based rejection of Mengel's Pleistocene glaciation model. Our results provide additional information on intraspecific mtDNA diversity in nigrescens , suggesting that additional long-term geographical subdivision has occurred in the west. Two nigrescens subspecies have been recognized (e.g. Peters 1968): D.n. nigrescens breeds from southwestern British Columbia southwards along the coast to central California and southeast across the Sierra Nevada to the northern mountains of New Mexico and Arizona, and D.n. halseii breeds in northern Baja California, southern New Mexico, and southern Arizona. These two putative subspecies are at least partially disjunct due to the geographically fragmented distribution of appropriate habitat in the Great Basin region. Although we did not attempt to reconstruct the fine-scale pattern of phylogeographical variation in nigrescens, we did sample individuals from the Pacific Northwest (D.n. nigrescens) and central Arizona (D.n. halseii). These two populations showed a large amount of mtDNA differentiation, as has been seen in other avian taxa with similar distributions (e.g. Zink 1991; Cicero & Johnson 1992; Gill & Slikas 1992; Johnson 1995) . Individuals from the two sampled nigrescens populations differed by four to eight restriction site differences in the RFLP study and 13 -17 nucleotides in the COI/ATPase study. These differences within nigrescens are marginally greater than the RFLP and sequence differences between occidentalis and townsendi (three to six RFLP sites and 10 -15 nucleotide sites). Assuming that the rate of mtDNA differentiation is similar across these taxa, the split between the geographical populations of nigrescens and between the common ancestor of occidentalis and townsendi was approximately contemporaneous. The absolute timing of mitochondrial lineage bifurcations related to speciation events in this superspecies complex depends on the molecular clock calibration used and on the assumption that nucleotide substitutions accumulate at the same rate along the mtDNA lineages compared. Bermingham et al. (1992) employed an avian mtDNA clock calibration of 2% sequence divergence/ million years and suggested that the split between virens Fig. 2 Phylogenetic relationships among warbler taxa in the 'black-throated' Dendroica superspecies complex and three outgroup Dendroica. The tree shown is a neighbour-joining reconstruction estimated from Kimura distances based on 1455 nucleotides of cytochrome oxidase I (COI), ATPsynthase 8 (ATPase 8), and ATP-synthase 6 (ATPase 6) sequences. The interspecific topology of this tree is identical to that identified by maximum-parsimony analysis of the sequences, and to neighbourjoining and parsimony analysis of a parallel mitochondrial DNA (mtDNA) restriction fragment length polymorphism (RFLP) data set. and the ancestor of occidentalis/townsendi occurred just under 1 million years ago, and that the splits between occidentalis and townsendi and between the geographical populations of nigrescens about 400 000 years ago. Although the single mtDNA rate calibration for passerine birds (Tarr & Fleischer 1993; Fleischer et al. 1998 ) supports a rate of approximately 2%/million years, the generality of this calibration is uncertain owing to: (1) the large disparities in absolute substitution rate (range = 0.9 -5.2%/ million years) reported across all avian mtDNA calibrations (Shields & Wilson 1987; Quinn et al. 1991; Tarr & Fleischer 1993; Nunn et al. 1996; Randi 1996; Fleischer et al. 1998; Zink & Blackwell 1998) ; (2) the large error terms likely to be associated with both the absolute dates and pairwise estimates of genetic divergence used in calibrating those rates; (3) differences among rate calibrations in the particular markers employed (e.g. whole-mtDNA RFLP vs. cytochrome b sequence) and in the type of distance metric used; and (4) potential taxon-specific rate differences (e.g. Nunn & Stanley 1998) . Several of these potential biases can be explored further by comparisons among our RFLP and sequence data sets, as discussed below.
Relative evolutionary rates COI vs. ATPase sequences. An examination of pairwise COI distances vs. ATPase distances (Fig. 3A) suggests that the COI region has a slower intrinsic rate of nucleotide substitution than does the ATPase region. This qualitative inference is difficult to test statistically, however, because each haplotype is represented in many pairwise comparisons and the data matrix therefore contains high levels of autocorrelation. For heuristic purposes, we compared pairwise COI distances with the corresponding ATPase pairwise distances among all unique haplotypes (253 pairwise comparisons/gene region). Rates of sequence divergence in the two gene regions differed significantly in this comparison where autocorrelation effects were ignored (Wilcoxon signed-rank test; Z = -8.72; P < 0.0001). To avoid biases introduced by the nonindependence of pairwise distances, we compared COI with ATPase divergence along branches of the NJ tree rather than among pairs of individuals. As each branch represents a unique evolutionary lineage, each branch length can be considered a statistically independent estimate of relative nucleotide substitution rate. Comparable COI and ATPase branch lengths were determined by generating NJ reconstructions for each gene region independently with the topology constrained to match that of the combined COI/ ATPase NJ tree (Fig. 2) . Branches with negative or very short lengths (< 0.1% K2 distance) were removed prior to analysis due to uncertainties about their homology across data sets, resulting in a total of 14 pairwise branch-length comparisons. Branches included in the analysis represented both species-specific terminal lineages and wellsupported internodes deeper in the tree. An artefact of the a priori removal of very short branches was that each warbler species was represented by a single lineage in the branch-length analysis (except for D. nigrescens, where both the Pacific Northwest and Arizona lineages were included). As only a few distantly related taxa were included in our study, this independent branch approach greatly reduced the number of comparisons involving large divergence values where intrinsic differences in substitution rate are likely to be most conspicuous. In this restricted but statistically independent data set, the lengths of ATPase and COI branches did not differ significantly (Wilcoxon signed-rank test; Z = -1.84; P = 0.07; Fig. 3B ).
RFLP vs. sequences. Qualitative rate differences also seem apparent in a plot of all pairwise sequence-based vs. RFLP-based estimates of genetic divergence: distances among combined ATPase/COI haplotypes appear to exceed the corresponding RFLP distances, especially among the most distantly related taxa, and the relationship between sequence and RFLP divergence appears nonlinear (Fig. 3C) . Comparisons of all pairwise distances (again conducted for heuristic purposes) identified a highly significant rate difference between the sequence and RFLP matrices (Wilcoxon signed-rank test; Z = -6.39; P < 0.0001). Despite these seemingly robust trends in the autocorrelated comparisons, we found no evidence for a rate difference when we compared statistically independent branches from the RFLP and sequence trees (Wilcoxon signed-rank test; Z = -0.839; P = 0.40; Fig. 3D ).
The lack of support for the qualitative trends seen in Fig. 3(A, C) illustrates the importance of removing autocorrelation effects before drawing conclusions about relative rate differences from distance matrix data. In comparisons of both COI vs. ATPase divergence and RFLP vs. sequence divergence, the highly autocorrelated plots of all pairwise comparisons seem to show marked rate differences. These rate differences disappear when autocorrelation effects are removed. Unfortunately, the removal of the autocorrelation effects drastically reduces the sample size of total comparisons, in these cases from 435 pairwise differences to 14 branch lengths. Although the COI, ATPase, and RFLP markers may well differ in relative rate, larger hierarchically structured phylogenies are required to detect these potential differences statistically. Figure 3 (D) illustrates a second phenomenon of interest: although we found a significantly positive relationship between sequence-based and RFLP-based branch lengths (linear regression: d.f. = 13; R 2 = 0.77; P < 0.001), individual estimates derived from these two sources were not perfectly correlated (Fig. 3D) . As evidence is lacking for an intrinsic rate difference across all comparisons, this lack of a one-to-one correlation between RFLP-and sequence-based distances probably results from the large error terms associated with both types of genetic data. Similarly weak correspondence between mitochondrial RFLP-and sequence-based divergences have been reported for other taxa (e.g. Thorpe et al. 1994) .
RFLP and sequence data often produce congruent phylogenetic results (e.g. Quinn et al. 1991; Dodge et al. 1995) and the two data sources produced identical topologies for the taxa considered here. None the less, the absence of a tight one-to-one relationship between the RFLP-and sequence-based distance estimates has important implications for some applications. For example, Bermingham et al. (1992) and colleagues (e.g. Klicka & Zink 1997; Avise & Walker 1998) have employed an avian mtDNA clock calibration of 2% sequence divergence/million years in order to compare the timing of diversification across multiple avian species pairs. If we apply this calibration to the speciation event that split the D. virens lineage from the D. townsendi/occidentalis lineage, we obtain an absolute date of 1.06 million years using the RFLP data set where the mean Nei-Li distance across all unique haplotypes was 2.12% (Nei-Li range 1.76 -2.63%; date estimate range 0.88-1.32 million years). We obtain a more recent date estimate of 0.74 million years using the combined COI/ATPase sequences, where the mean pairwise K2 distance was 1.48% (K2 range 1.11-1.95%; date estimate range 0.56 -0.98 million years). The RFLP-based date estimate is thus considerably older than the sequence-based estimate. This comparison is particularly instructive because the relatively low sequence divergences involved will not be subject to large biases resulting from nucleotide saturation.
The example given above represents the most extreme difference observed between our RFLP and sequence data sets. Although a general pattern of partial overlap between pairwise RFLP and sequence comparisons (Fig. 4) suggests that these data sources provide approximately similar estimates of mitochondrial divergence, the variation between them introduces an additional source of error to studies that require the large-scale synthesis of divergence estimates drawn from sources employing different molecular techniques. Absolute dates derived from avian mitochondrial data may be subject to other sources of error, particularly those stemming from uncertainties in the fossil or geological evidence used to calibrate the avian mtDNA clock (e.g. Marshall 1990 ). Owing to these potentially multiplicative biases, absolute date estimates are subject to large error terms and should be applied with appropriate caution when testing evolutionary hypotheses with mitochondrial data, especially when competing evolutionary scenarios differ modestly in their relative timing.
